We report the observation of spin-lattice coupling in multiferroic YMnO 3 by femtosecond near-infrared pump and probe spectroscopy. A coherent 31 GHz acoustic phonon was detected above the magnetic ordering temperature, and a higher frequency coherent mode was observed in the antiferromagnetic phase. This temperature-dependent measurement demonstrates that the acoustic phonon excitation is coupled to spin ordering. © 2010 American Institute of Physics. ͓doi:10.1063/1.3467459͔
Magnetic material studies for modern electronics have focused on multifunctional properties aimed toward developing high-density, nonvolatile, and energy nonconsuming mass-information storage. 1 In particular, multiferroic materials, which simultaneously exhibit ferroelectricity and ferromagnetism, or at least some kind of magnetic ordering, have been brought to the fore, because of the possibility of controlling magnetic properties with electric fields and the dielectric properties by magnetic fields.
2,3 For a multiferroic system, spin fluctuations can cause unusual dynamic effects, due to strong spin-lattice coupling. Thus, time-resolved optical studies can directly investigate the coupled dynamics between spin and lattice for both fundamental physics and practical applications. 4, 5 YMnO 3 in its hexagonal phase is one of the few multiferroic materials where ferroelectric and antiferromagnetic ordering coexist. 6 For a multiferroic system with geometrically frustrated magnets, spin fluctuations can cause unusual dynamic effects, due to strong spin-lattice coupling. In particular, in the vicinity of the magnetic phase transition, the generation of coherent phonons and their time-dependent analysis can be used to study the coupled dynamics of spin and lattice. 7 Regarding the multiferroic properties, there have been many studies of the crystallography, optical properties, and magnetic structural changes. 6, 8, 9 However, the interrelationships are still far from completely understood. Temperature-dependent studies have provided a better understanding of magnetoelectric coupling; [10] [11] [12] in particular, spinlattice coupling has been observed in measurements of linear optical responses and thermal conductivity as well as in neutron diffraction studies. 13, 14 Time-dependent studies are expected to complement conventional optical methods. In this regard, pump-probe methods of time-resolved optical spectroscopy have been widely used to investigate nonequilibrium states of electron, phonon, and spins in manganese oxide materials; they have also been useful in discovering the physical properties of correlated-electron materials. 15 In this letter, we present a femtosecond pump-probe reflection measurements of YMnO 3 in the temperature range 10-300 K. YMnO 3 has a ferroelectric phase transition at T c Ͼ 900 K and an antiferromagnetic phase transition at T N Ӎ 80 K. 16 We investigated the dynamics of optically induced lattice vibrations in the vicinity of the antiferromagnetic phase transition. A coherent 31 GHz acoustic phonon was detected above the magnetic ordering temperature, and a higher frequency coherent mode was observed in the antiferromagnetic phase. Time-resolved measurements over a wide range of temperatures revealed that the coherent acoustic phonon was coupled to the magnetic ordering.
YMnO 3 single crystals were grown using a flux method. The ab-plane sample was cleaved as a ϳ100 m thick platelet. We noted that a small mosaic spread, formed on the surface of the crystal, was composed of grains with an order of ϳ100 m; see Fig. 1͑a͒ . The sample was characterized by x-ray diffraction ͑XRD͒ using Cu K␣ radiation. Figure  1͑b͒ shows the XRD measurement of the c-cut sample where the ͑004͒ peak at 31°and the ͑006͒ peak at 48°are identified. We also examined the crystal with a JEOL JEM-3010 highresolution transmission electron microscope, operating at 300 kV. The diffraction spots in Fig. 1͑c͒ are indexed using hexagonal unit-cell notation, according to the crystal structure of YMnO 3 . A high-resolution ͓001͔-zone image is shown in Fig. 1͑d͒ .
The time-resolved reflectance measurement of the sample was carried out using fast-scanning pump-probe spectroscopy. The sample was first pumped by a 50-fs short pulse from a Ti:sapphire laser oscillator, operated at an 80 MHz repetition rate. The photon energy of the laser for both pump and probe was ϳ1.59 eV, close to the resonant Mn d-d transition of YMnO 3 . 17 The resonance electronic transition was d ͑x 2 − y 2 ͒ Ј ,͑xy͒ Ј → d ͑3z 2 − r 2 ͒ Ј and the occupied d ͑3z 2 − r 2 ͒ Ј orbital is responsible for the short range antiferromagnetic correlation. 18 The optical reflectivity of a probe pulse was then measured as a function of the time delay between the pump and probe. To produce a time delay between the two pulses, a raster scanning shaker ͑APE Scan Delay͒ was in- serted in the path of the pump pulse. The focused spot sizes of the pump and probe pulses at the sample were ϳ80 m and 50 m, respectively. Local heating of the sample was minimized by reducing the pump laser fluence below 20 J / cm 2 . The pump beam polarization was set perpendicular to the probe beam to eliminate both coherent artifacts and scattered pump noise. The sample temperature was varied from 10 to 300 K with a liquid He-filled cryostat ͑JANIS ST-500͒.
The measured YMnO 3 photoinduced reflectance change ⌬R / R is shown in Fig. 2 . Data are plotted as a function of time-delay at various sample temperatures to show the coherent oscillatory changes in the reflectance and relaxation behavior. The oscillation period in the low temperature range below T N was different from that in the high region. Fouriertransform ͑FT͒ analysis was used to extract frequency domain information from the reflectance oscillations. The FT results are shown in Fig. 3 as a two-dimensional intensity plot as a function of frequency and temperature. Two strikingly different frequency responses are clearly observed: one is at the approximately 31 GHz oscillation above T N , the other is at a higher frequency below T N ͑the magnetic ordering phase͒. The frequency of the 31 GHz oscillation is strongest near T = 190 K. This coherent oscillation behavior is in good agreement with another previously studied hexagonal multiferroic, LuMnO 3 experiment; 7 a coherent mode at 47 GHz was found and assigned as an acoustic phonon mode.
This oscillation is explained as the propagating strained layer mechanism for acoustic phonon generation. 19, 20 For a bulk material, a strained layer generated at the surface propagating with an acoustic phonon wave speed v s such that the interference produced by the probe pulses reflect partially at the surface and also at z = v s d ͑after time delay d ͒, shows an oscillatory behavior. Then, Maxwell's equation for the electric field E͑z , t͒ of the probe pulse under the slowly varying envelope approximation is given as ‫ץ‬ 2 E͑z , t͒ / ‫ץ‬z 2 + ͑ probe / c͒ 2 ͓n 0 + ␦n͑z , t͔͒ 2 E͑z , t͒ = 0, where probe is the center frequency of the probe pulse, n 0 is the index of refraction, and ␦n is the index change due to the strain. Then, the differential reflectance ⌬R / R for the longitudinal acoustic phonon is given by ⌬R / R ϰ ͑ probe / c͒sin͓͑2n 0 probe / c͒v s t + ͔, where is the phase angle. The oscillation period is given as T = / ͑2n 0 v s ͒, where is the probe wavelength. To fit the data for the coherent phonon amplitude and decay constants, we used an empirical model, consisting of an oscillatory decay and a simple exponential decay, i.e., ⌬R͑t͒ / R = Ae −␥t cos͑t + ͒ + Be −␤t + C, where is the angular frequency, ␥ is the damping constant, and ␤ is the nonoscillatory relaxation rate. The temperature dependence of the phonon amplitudes is plotted in Fig. 4 , which is similar to the result of the FT analysis ͑following the dashed line in Fig. 3͒ .
The acoustic phonon at 31 GHz is the strongest near 190 K and weakens as the temperature approaches T N . We attribute this behavior to the short range antiferromagnetic correlation above T N . The acoustic phonon can be strongly coupled to spin fluctuations above and below the T N according to the thermal analysis of Sharma et al. 21 In the high temperature phase, near and above T N , the interacting spins fluctuate energetically among the nearly degenerate ground state configurations originating from the geometric frustration. Thus, a generic spin coupling to the phonons at the phase transition temperature can cause the significant observed spin-scattering behavior. [22] [23] [24] Additionally, the lattice vibration mode measured in the pump-probe spectroscopy is sensitive to change in the group symmetry. In the ferroelectric phase, the ferroelectric polarization appearing along the c axis is caused by the tilting of the MnO 5 polyhedron and the distortion of the Y ions. 10 In the low temperature region, Mn ions begin to align antiferromagnetically in such a way that the magnetic moments are arranged on the ab-plane in a 120°structure. Also, the Mn 3+ ͑S=2͒ spins interact antiferromagnetically within the hexagonal layers of the structure, forming a geometrically frustrated magnet. The combined effects of the geometrically frustrated triangular Mn arrangement and the strong twodimensionality of the magnetic order result in a reduction in the ordered magnetic moment. 8 Thus, the significant change in phonon mode near T N shown in Fig. 3 can be related to the giant magneto-elastic coupling in the isostructural transition in hexagonal manganites. 25 In summary, we measured the temperature-dependent behavior of the coherent phonon mode in multiferroic YMnO 3 using femtosecond pump-probe differential reflectance spectroscopy. Coherent oscillation of the acoustic modes was found above T N , showing strong spin-lattice coupling in this multiferroic material. The coherent acoustic phonon dynamics are consistent with the result reported for LuMnO 3 . 7 The excited d ͑3z 2 − r 2 ͒ Ј electron is responsible for the spin order in this geometrically frustrated magnetic system, and, therefore, by combining these two results together, we attribute the origin of the acoustic phonon generation to magnetic ordering. Our time-domain spectroscopic result, therefore, supports Sharma et al. 21 dynamic spin-phonon picture. 
